Epidermal cholesterol biosynthesis is regulated by barrier function. We quantitated the amount and activation state (phosphorylation-dephosphorylation) of the rate-limiting enzyme, 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, in epidermis before and after barrier disruption. In murine epidermis we found high enzyme activity (1.75±0.02 nmol/min per mg protein). After acute barrier disruption, enzyme activity began to increase after 1.5 h, reaching a maximum increase by 2.5 h, and returned to normal by 15 h. Chronic barrier disruption increased total enzyme activity by 83%. In normal epidermis, measurement of HMG CoA reductase activity in microsomes isolated in NaF-vs. NaCl-containing buffers demonstrated that 46±2% of the enzyme was in the active form. After acute or chronic barrier disruption, a marked increase in the percentage of HMG CoA reductase in the active form was observed. Acute disruption increased enzyme activation state as early as 15 min, reaching a maximum after 2.5 h, with an increase still present at 15 h, indicating that changes in activation state had a close temporal relationship with barrier function. Increases in total HMG CoA reductase activity occurred only after profound barrier disruption, whereas changes in activation state occur with lesser degrees of barrier disruption. Artificial correction of barrier function prevented the increase in total HMG CoA reductase activity; ,and partially prevented the increase -in enzyme activation. These results show that barrier requirements regulate epidermal cholesterol synthesis by modulating both the HMG CoA reductase amount and activation state. (J. Clin. Invest. 1990. 85:874-882.) cholesterol -3-hydroxy-3-methylglutaryl coenzyme A reductase -permeability barrier * transcutaneous water loss
Introduction
The skin is an active site of cholesterol biosynthesis in both rodents (1) (2) (3) and primates (4) , accounting for up to 30% of total body sterol synthesis (2) . Of this synthetic activity about 70-80% is localized to the dermis layer in rodents (5), presumably coming from the pilosebaceous epithelium which remains embedded in the dermis during epidermal-dermal separation derives from the epidermis (5) , which, on a weight basis, can be considered among the most active tissue sites of cholesterol synthesis. Within the epidermis, cholesterol synthesis occurs in both the basal (proliferating) and suprabasal (differentiating) cell layers (5, 6) .
Cutaneous cholesterol synthesis is influenced neither by dietary cholesterol nor by circulating cholesterol levels (2, 7). Furthermore, de novo sterol synthesis, both by confluent cultured keratinocytes and by follicular epithelium, is not influenced by exogenous cholesterol, presumably owing to their paucity of low density lipoprotein (LDL) receptors (8-1 1). Although systemic factors do not appear to influence epidermal sterol synthesis, local perturbation ofthe cutaneous permeability barrier by organic solvents or detergents markedly stimulates epidermal cholesterol synthesis, which returns to normal in parallel with normalization of barrier function (12, 13) .
Furthermore, essential fatty acid-deficient (EFAD)' mice, who exhibit a dietarily induced perturbation in barrier function, also demonstrate increased epidermal sterol synthesis (13, 14) .
In both the solvent-induced and EFAD models, the increase in cholesterol synthesis is localized specifically to the epidermis, with no alterations in dermal cholesterol synthesis (12) (13) (14) . When the defect in barrier function is corrected by application of a water-impermeable membrane, the increase in epidermal cholesterol synthesis is not observed (12) (13) (14) . In contrast, when a water vapor-permeable membrane is applied, the increase in epidermal cholesterol synthesis is still observed (15) . These studies indicate that barrier function regulates epidermal cholesterol synthesis, and further suggests that water flux itself may serve as the signal.
The enzyme, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA reductase), catalyses the conversion of HMG CoA to mevalonic acid. In mammalian systems this step is rate-limiting for cholesterol biosynthesis (16) . HMG CoA reductase activity is dependent both on the total quantity of enzyme present and on its activation state. It is now well recognized that HMG CoA reductase can be modulated by a covalent, reversible, phosphorylation-dephosphorylation process with the phosphorylated and dephosphorylated forms of the enzyme in an inactive and active state, respectively (17) (18) (19) (20) . When the tissue is homogenized in the presence of sodium fluoride (NaF), an inhibitor of dephosphorylation, assays of HMG CoA reductase activity are indicative of the actual activity of the enzyme in situ (18) . In contrast, when tissues are homogenized in sodium chloride (NaCI), the en-zyme is dephosphorylated (activated), and activity then represents an index of the total quantity of enzyme present (18) . Here 
Experimental design
Disruption of the permeability barrier was achieved by unilateral treatment of one flank of each animal with either absolute acetone or 10% SDS in distilled water as described in previous publications (12, 13, 15) . The contralateral (control) side was treated with 0.9% sodium chloride. Additionally, the permeability barrier was disrupted by repeated applications of cellophane tape (four to six times). TEWL rates
were measured with an electrolytic water analyzer (Meeco Inc., Warrington, PA) as described previously (12) (13) (14) , and recorded in parts per million/0.5 cm2 per h).
To assess directly the effect of occlusion, which instantly lowers TEWL rates to zero, groups of acetone-treated, SDS-treated, or tapestripped animals were covered with a tightly fitted, water-impermeable membrane (one finger of a latex glove) immediately after treatment (12) (13) (14) (15) , until just before the animals were killed. In other experiments both flanks ofthe mice were treated with acetone or SDS, with one side covered while the other side was left uncovered by cutting a window through the Latex wrap.
['4C]Acetate and [3H]Mevalonolactone incorporation into cholesterol
Five mice were treated with acetone on one flank and with saline on the contralateral flank. After 2.25 h, the mice were killed, the skin was excised, both acetone and saline treated sides were divided into two parts, and then the undersurface was scraped to remove subcutaneous fat. Each skin sample was separately incubated for 2 h at 37°C in a 2-ml solution of 10 and fourthly by heating to 550C for 30 s after using a drop ofwater for good thermal contact. After treatment, the epidermis was peeled off the dermis in one piece by gently scraping with a scalpel blade, dried on paper towels, minced in small pieces (< 1 mm3) with scissors, and stored in small plastic tubes overnight at -700C. Since the highest levels oftotal HMG CoA reductase activity were obtained with EDTA separation (Fig. 1 g for 15 min. The pellet was washed with 1 vol of homogenization buffer and recentrifuged at 800 g for 15 min. The pooled supernatants were then centrifuged in the microfuge at 10,000 g for 15 min. The 10,000-g supernatant was then centrifuged at 100,000 g for 60 min. in an LB-70 M ultracentrifuge using a 50.3 TI-rotor (Beckman Instruments, Inc.). The supernatant was removed and the microsomal pellet was stored overnight at -700C. HMG CoA reductase activity was determined as described previously by this laboratory (23 trypsin technique, about three to four times higher with DTT or heat, and highest after separation with EDTA (about eight times higher than with trypsin). Because these results demonstrated that the EDTA method yields optimum enzyme activity, in most subsequent studies we employed the EDTA technique for epidermal-dermal separation. Effect of acetone or SDS treatment on epidermal HMG CoA reductase activity. At different periods after acetone, SDS, or saline treatment, the TEWL and the HMG CoA reductase activity were determined on both the acetone-and SDS-vs. saline-treated, contralateral side. Acetone-treatment produced a > 50-fold increase in TEWL (acetone = 812±76 vs. control = 12±5 ppm/0.5 cm2 per h) (Fig. 2, upper panel) , which decreased over time such that by seven hours TEWL rates on the acetone-treated side were 135±62 ppm/0.5 cm2 per h. HMG CoA reductase activity was 43% higher on the acetone side than on the control side (P < 0.01) 2.5 h after acetone treatment. By 4.5 h the increase in activity was 34% over control (P < 0.01), and by 7 h enzyme activity returned to normal. Likewise, SDS treatment produced a > 50-fold increase in TEWL with barrier function slowly recovering so that by 15 h the TEWL was 230±37 ppm/0.5 cm2 per h (Fig. 2, lower panel) . HMG CoA reductase activity was slightly increased (8%) on the SDS side after 1.5 h (SDS 1.10±0.05 vs. saline 1.02+0.04, P < 0.01), and was maximally increased 48% (SDS 1.75±0.20 vs. saline 1.18±0.18, P < 0.01) after 2.5 h. However, in contrast to acetone, HMG CoA reductase activity was still increased over controls by 28% 7 h after treatment (P < 0.01), only returning to normal by 15 h. These results demonstrate that barrier disruption with either acetone or SDS stimulates HMG CoA reductase activity in the epidermis, and that the return of enzyme activity to normal parallels the recovery of barrier function.
Effect ofocclusion on epidermal HMG CoA reductase activity after acetone or SDS treatment. When mice, previously treated with acetone on one side and saline on the other side, were covered with a tightly fitting, water-impermeable latex wrap to artificially restore barrier function, the expected increase in epidermal HMG CoA reductase activity did not occur (Fig. 3) . Moreover, in other experiments both flanks were treated with acetone, followed by application of a waterimpermeable wrap to one side, while the other side remained uncovered. HMG CoA reductase activity was 31% higher on the uncovered than on the covered side (P < 0.01, data not shown). As occlusion prevented the expected increase in epidermal HMG CoA reductase activity (Fig. 3) . Likewise, when both flanks were treated with SDS, followed by occlusion of one side while (Fig. 3) (Fig. 3) . When EFAD mice were occluded with an impermeable wrap on one side for 72 h, HMG CoA reductase activity decreased by 34% in comparison to the nonoccluded EFAD side. The enzyme activity of occluded EFAD-mice was comparable to control animals.
Occlusion of normal animals for 3 d produced only a 13% decrease in HMG CoA reductase activity in comparison to control animals (control animals 1.00+0.05, occluded animals 0.88±0.10 nmol/min per mg protein, n = 3, NS). These results indicate that chronic barrier disruption induced by an EFAD diet also stimulates HMG CoA reductase activity, and that artificial restoration ofthe barrier decreases the elevated HMG CoA reductase activity in EFAD mice.
Activation state ofepidermal HMG CoA reductase activity. With either the trypsin, DTT, or EDTA methods for the separation of epidermis from dermis, we did not observe any differences in the activity of HMG CoA reductase in microsomes isolated in a NaCl vs. NaF homogenization buffer. This absence of difference between NaCl and NaF microsomes may be due to the long in vitro incubation with these solutions required to separate the epidermis from the dermis before the addition of NaCl or NaF which may have allowed for alterations in phosphorylation-dephosphorylation state to occur. In contrast, after rapid heat separation (30 s), we observed a ratio of HMG CoA reductase activity in microsomes isolated in NaF vs. microsomes isolated in NaCl of 0.46+0.02, indicating that 46±2% of HMG CoA reductase is in the active dephosphorylated state. After topical treatment with 0.9% so dium chloride (2.5 h), there was no significant difference in the proportion of HMG CoA reductase in the active state in comparison to virgin control epidermis (saline treated [n = 3] NaF/NaCl 48±2% vs. virgin control [n = 3] 46±2%). We next examined whether isolation of microsomes in NaCl buffer resulted in a maximal activation (dephosphorylation) of epidermal HMG CoA reductase. After homogenization in NaCl or NaF buffer, we incubated epidermal microsomes with liver cytosol which contains phosphatase activity (23, 25). This produced a 56% increase in HMG CoA reductase activity in NaF microsomes, but no increase in microsomes isolated in NaCl (Table II) . This indicates that during the routine isolation of epidermal microsomes in NaCl buffer, maximal activation (dephosphorylation) ofHMG CoA reductase occurs, an observation similar to that observed by this and other laboratories to occur in liver microsomes (18, 25) .
Effect ofacetone treatment, SDS treatment, and tape stripping on the activation state ofHMG CoA reductase. We next measured the ratio of HMG CoA reductase activity in microsomes isolated in NaF vs. NaCl homogenization buffer at different time points following acetone treatment. As early as 15 min after acetone treatment (the earliest time point tested), the ratio of HMG CoA reductase activity in NaF vs. NaCl microsomes was 61±4% (an increase of 32% in comparison to the ratio in untreated epidermis) (Fig. 4 , Table III ). Further increases in the ratio of HMG CoA reductase activity in NaF-vs. NaCl-isolated microsomes occurred by 45 min and by 1.5 h, reaching a maximum of 90±3% at 2.5 h (96% increase). Thereafter, the proportion of HMG CoA reductase in the active form began to decrease so that by 4.5 and 7.0 h it was 70% and 64%, respectively. The enzyme activation state remained elevated 15 h posttreatment. These results demonstrate that acetone treatment results in a marked increase in the proportion ofenzyme in the active, dephosphorylated state. Moreover, the proportion of enzyme in the active form paralleled the recovery of barrier function. Additionally, it should be noted that using the heat separation method the total activity of HMG CoA reductase increases by -50% (Table III) , which is similar to the observations noted above using EDTA separation.
The correlation between transepidermal water loss, total microsomal HMG CoA reductase activity (isolated in NaCl) and the proportion of activated microsomal enzyme (NaF/ NaCl) at 2.5 h after acetone treatment is shown in Fig. 5 .
Increases in activation state occurred after moderate barrier disruption (TEWL > 300), and correlated with the degree of barrier disruption (r = 0.96; n = 8, P < 0.01). In contrast, changes in total HMG CoA reductase enzyme activity only occurred after more profound changes in barrier function (TEWL > 550). The extent ofthe increase in total activity also correlated with the degree of barrier disruption (r = 0.95; n = 8; P < 0.01). These results demonstrate that the activation state of HMG CoA reductase is sensitive to moderate barrier disruption, whereas increases in enzyme amount occur only after more profound changes in barrier function. Both the increase in the percentage of enzyme in the active state and the increase in total enzyme amount correlated directly with the degree of barrier disruption. At 
h after treatment with a 10% SDS solution HMG
CoA reductase activity in NaF vs NaCl microsomes was 93±6, which is 102% higher than on the control side (Fig. 6) (Fig. 6) 
Discussion
Although lipids account for a relatively small percentage of total stratum corneum weight, they provide the permeability barrier that is required for terrestrial life (26, 27) . The ability of the stratum corneum to regulate barrier function can be attributed both to the intercellular location and organization of these lipids into broad, lamellar bilayers (26, 27) . Whereas most prior studies of the permeability barrier have focused on descriptions of the structure or lipid content of the epidermis,
we recently have employed a dynamic approach that examined lipid biosynthesis in response to experimental perturbations of permeability barrier function (12) (13) (14) (15) . These studies have shown that the epidermis is a highly active site of cholesterol biosynthesis (5, 6), and is regulated by perturbation in cutaneous permeability barrier function (12) (13) (14) (15) . Moreover, the extent of the increase in epidermal cholesterol synthesis correlates directly with the degree of barrier perturbation ( 12) . Finally, artificial restoration of the disturbed barrier with a water-impermeable membrane prevents: (a) the increase in epidermal cholesterol synthesis; (b) lipid reaccumulation; and (c) barrier recovery (12) (13) (14) (15) .
In the present study we measured the incorporation ofboth ['4C]acetate (starting point of cholesterol biosynthesis) and [3H]mevalonolactone (post-HMG CoA reductase step) into cholesterol. After acetone disruption of the barrier there was a 67% increase in ['4C]acetate but no change in [3H]mevalonolactonate incorporation into cholesterol. This demonstrates that the initial increase in cholesterol synthesis induced by barrier disruption occurs before the formation of mevalonate. To determine whether the increase in cholesterol synthesis after barrier disruption is due to an effect on HMG CoA reductase activity, we next measured enzyme activity.
Barrier disruption'with either the organic solvent, acetone; the detergent, SDS; or by tape stripping was associated with an increase in the total activity ofepidermal HMG CoA reductase activity (with a 1.5-h time delay). Pertinently, the level of increase in total epidermal HMG CoA reductase activity correlated directly with the extent of disturbance in barrier function. Moreover, as barrier function returned towards normal, the levels of total enzyme activity also declined towards normal. After SDS treatment, both barrier recovery and total HMG CoA reductase activity declined more slowly than after acetone treatment (Fig. 2) . This difference may be due to the fact that acetone mainly extracts lipids and quickly evaporates from the skin surface, whereas SDS has a more general effect on epidermal proteins, as well as lipids (28) . Since the time course of HMG CoA reductase activity after barrier disruption The essential fatty acid model is more complex than the acetone/SDS models, because epidermal hyperplasia accompanies the barrier abnormality (14, 29) . We found that the total activity of epidermal HMG CoA reductase is markedly increased in EFAD animals. Hence, the occlusion experiments are particularly pertinent here: artificial restoration of barrier function in EFAD mice with a water-impermeable wrapping led to a significant, but incomplete reduction in epidermal HMG CoA reductase activity, presumably because occlusion only partially reverses the hyperproliferation (Proksch, E., P. M. Elias, and K. R. Feingold, manuscript in preparation). DNA synthesis and cell division requires increases in HMG CoA reductase activity to provide both cholesterol and iso- Mice were treated with acetone to induce various degrees of barrier disruption as measured by TEWL. After 2.5 h the skin was excised, the epidermis was separated from dermis by heat treatment, and microsomes were isolated in either NaCl or NaF buffer. The activity of HMG CoA reductase in microsomes isolated in the NaCl is indicative of the total enzyme content. The ratio of HMG CoA reductase activity in microsomes isolated NaF vs. NaCl is indicative of the activation state. The correlation coefficient for total activity r = 0.95; n = 8; P< 0.01, activation state r = 0.96, n = 8; P< 0.01.
prenoid compounds (30, 31) . Thus, the results in all four models provide strong evidence that the total activity of HMG CoA reductase is linked to the state of the cutaneous permeability barrier. HMG CoA reductase activity is modulated by reversible phosphorylation, with the phosphorylated and dephosphorylated forms-of the enzyme being inactive and active, respectively (16) (17) (18) (19) (20) . When tissues are homogenized in the presence of 50 mM sodium fluoride, an inhibitor of dephosphorylation, assays of HMG CoA reductase activity are indicative of the activity of the enzyme present in situ (18) . In contrast, when tissues are homogenized in sodium chloride, the enzyme is dephosphorylated (activated), and assays then represent an index ofthe total quantity of enzyme present in the tissue (18) . Under basal conditions -50% of epidermal HMG CoA reductase is in the activated form, a finding similar to that in other mammalian tissues, with the exception of liver, where only 15-30% of the enzyme is activated (17, 18, 20, 23) . As observed in liver (18, 25) , phosphatase treatment of NaCl-isolated microsomes did not result in an increase of HMG CoA reductase activity (Table II) , indicating that the isolation ofthe microsomes in NaCl-containing buffers results in virtually complete activation of the enzyme.
Whereas treatment of mice with acetone produced an increase in total enzyme activity 1.5 h after treatment, an increase in activation state occurred much sooner: i.e., by 15 (32) (33) (34) . The chronic regulation of hepatic HMG CoA reductase activity is primarily dependent on the quantity of enzyme present (18, 35, 36) , with only modest changes in catalytic efficiency (37) . In the epidermis, however, changes in activation state appear to play a more crucial role in regulating HMG CoA reductase activity. Moreover, recent studies have suggested that the dephosphorylated enzyme is degraded more slowly than phosphorylated enzyme, and it is therefore possible that these rapid changes in phosphorylation state could play a role in determining the quantity of enzyme present in the epidermis (38) . With acetone treatment, increases in total HMG CoA reductase activity seems to occur only after profound barrier disruption (TEWL > 550 ppm/0.5 cm2 per h), whereas changes in activation state seem to occur in association with lesser degrees of barrier disruption (TEWL > 300 ppm/0.5 cm2 per h) (Fig. 5) . Thus, in epidermis regulation ofcholesterol biosynthesis after profound barrier disruption occurs via changes both in the amount of enzyme protein and in the activation state, whereas with moderate barrier disruption changes essentially are limited to the activation state alone.
Of particular note is that occlusion prevented the expected increase in HGM CoA reductase activation state after acetone treatment, SDS treatment, and tape stripping. The small increases that were observed could be ascribed to rapid changes in the phosphorylation state that occur during the 10-min period required to place the tightly-fitted latex wrap.
There was a surprising 99% activation of HMG CoA reductase in EFAD mice, implying that chronic barrier disruption because of linoleic acid deprivation results in complete activation of the enzyme. The 99% activation state in EFAD mice represents a 115% increase in comparison to normal mice, which together with an increase in enzyme amount of 83%, equates to an overall, fourfold (293%) increase in total Figure 6 . Effect of occlusion on HMG CoA reductase activation (dephosphorylation) state in mouse epidermis. Mice were treated as described under Fig. 3 , except that epidermis was separated from dermis by heat treatment. One part of the epidermis was homogenized in NaF and the other part in NaClcontaining buffers. The HMG CoA reductase was measured as described in Methods (n = 3-5). Data are mean±SEM.
enzyme activity. Occlusion of EFAD mice only partly decreased enzyme activity, presumably because occlusion does not completely reverse the hyperproliferative state. Enhanced enzyme activity would be required to maintain tissue supplies of cholesterol and isoprenoids required for DNA replication and cell growth (30, 31) .
In summary, these results demonstrate that the increase in cholesterol synthesis which occurs in the epidermis after barrier disruption can be attributed both to stimulation of HMG CoA reductase content and activity. The specific relationship of this enhanced activity to barrier function is supported further by the blockade of both increased total enzyme activity and enzyme activation following application of an occlusive wrap. These results further suggest that modulations in epidermal HMG CoA activity could directly influence barrier function, a concept supported by recent studies that demonstrate changes in barrier function after topical lovastatin treatment (39) .
